. 1993. Life-history patterns in metal-adapted Collembola. -Oikos 67: 235-249.
Theoretical treatments of life-history evolution predict that environmental factors which cause reduction of adult survival and reproductive success will induce selection for earlier maturation and for an increase of reproductive allocation per clutch (Michod 1979 , Charlesworth 1980 . These expectations were corroborated by results of experiments with field populations (Reznick 1989 , Reznick et al. 1990 ). Pollutants are environmental factors which can affect survival and reproductive success, and, consequently, life-history charac- Accepted 23 September 1992 ?) OIKOS teristics. This only holds if the degree of pollution allows for survival and reproduction of a fraction of the individuals, viz. the most tolerant ones. A pollutiontolerant individual is able to prevent, decrease or repair adverse effects of pollutants that have entered the body (Levitt 1980) . Evolutionary alteration of life-history pattern after exposure to pollutants depends on the presence of genetic variation for tolerance and lifehistory characteristics (Falconer 1981) . The type and direction of the evolutionary responses is eventually Table 1 . Sampling sites (with identification numbers and codes), characteristics of actual sampling locations within sites, and characteristics of Orchesella cincta populations inhabiting the sites, summarized from aPosthuma ( ), bPosthuma et al. (1992a .
Tolerance is expressed as '-' = no increased tolerance expected or observed, '?' = increased excretion efficiency compared to reference site 2 from Posthuma et al. (1992a) , but decreased tolerance compared to reference site 1, or '+' = increased tolerance expressed in both characteristics compared to population 1. IGR = index of growth reduction; IGR = 0: no growth reduction due to cadmium exposure; IGR <0: growth reduction upon cadmium exposure; EE = cadmium excretion efficiency (%) (Sibly and Calow 1986, 1989) , by correlations between tolerance characteristics and other characteristics (Hoffmann and Parsons 1991) , and by the mode of action of the pollutant, the susceptibility of particular life-stages, and the mechanism of tolerance. Evolutionary responses for metal-tolerance have been demonstrated in several species (Endler 1986 , Brandon 1991 , among which the litter-dwelling springtail Orchesella cincta (L.) (Posthuma 1990) . Heavy metals are non-degradable pollutants, which accumulate in the organic layer of the soil. Heavy-metal exposure of litter animals induces growth reduction, impairment of reproduction, and mortality (see, e.g., Bengtsson et al. 1983 , 1985a , Joosse and Verhoef 1983 . Since metals are persistent pollutants in litter, soil organisms inhabiting metal-polluted sites may be chronically exposed. Adverse impacts of exposure will increase with duration of exposure, and so with age of an individual. On the basis of life-history theory, the evolutionary response is expected to consist of earlier maturation and increased reproductive allocation per clutch. In the present research we focused on divergent life-history patterns among natural populations from clean and metalcontaminated sites of 0. cincta. Correlations between population characteristics and pollutant concentrations are evidence for the occurrence of such divergence in the field (Endler 1986 ). This approach was used here: characteristics of animals originating from six sites with different histories of metal-pollution were compared.
In 0. cincta, evolution of metal tolerance has led to populations with increased cadmium and lead excretion efficiency (Van Straalen et al. 1987 , Posthuma et al. 1992a , and an increased capability to maintain growth during cadmium exposure (Posthuma 1990 ). These characteristics are considered to be adaptive, since excretion efficiency is positively correlated with maintenance of growth during cadmium exposure (Posthuma et al. 1992a) , and since female fresh weight is positively correlated with clutch size .
Additive genetic variation for cadmium excretion efficiency, body growth, age at first reproduction and moulting frequency is present in a reference population of 0. cincta (Posthuma et al. 1992b, Posthuma and Janssen unpubl.) . From the considerations outlined above on life-history theory and the possible life-history effects of metal-pollution we inferred that, in tolerant populations, age at first reproduction is low, and reproductive allocation per clutch is high, in comparison to reference populations. Observations on divergence of juvenile growth rates between populations reinforced this idea (Posthuma 1990 ).
This research aimed to assess the effects of metalmediated selection on life-history patterns in the springtail 0. cincta. Comparisons were made between laboratory generation animals (F1 and F3) originating from field animals captured at metal-contaminated sites and a reference site, to enable attribution of inter-population differences to (genetic) adaptation rather than to individual acclimation (Klerks and Levinton 1989a) . A range of capture sites was chosen to obtain a series characterized by a stepwise increasing intensity and duration of metal exposure. We focused on inter-population divergence for characteristics which are considered to be major components of fitness in 0. cincta, viz. (juvenile) mortality, body growth, age and weight at first reproduction, and clutch size (Janssen 1985 , Van Straalen 1985 . Animals were exposed to clean or cadmium contaminated food to study the presence of evolutionary responses. Cadmium was used to induce toxic effects since it has a high toxicity in comparison to other metals.
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OIKOS 67:2 (1993) Materials and methods Collection and mass culture of animals Animals were sampled from the litter layer of 5 contaminated sites and a reference site in March 1988 for comparison of mortality patterns, and in March 1989 for comparison of growth and reproduction patterns. Locations and site characteristics are summarized in Table 1 . For the populations inhabiting site 1, 3 and 4 increased tolerance was not expected or found; 6 and 7 have previously been characterized as metal tolerant, since cadmium and lead excretion efficiencies were higher, and growth reduction under cadmium exposure was lower than for less exposed populations; population 5 is less tolerant than the population from reference site I (which has a different soil type), but more tolerant than the population from reference site 2 (which has a similar soil type) (Posthuma et al. 1992a) . Randomly selected litter samples were sieved to obtain at least 900 animals, which were collected using an aspirator. Animals of this parent (P-field) generation were transferred to the laboratory in a PVC jar with a moist layer of plaster of Paris and twigs from the site. In the laboratory animals were put in a clean box, and placed in a climate room (T: 20'C; R.H. 75%; L:D 12:12). Climate conditions were constant during all following treatments. Algae growing on twigs from reference site 1 were offered as food during culturing, to prevent acclimation to metal contamination. Before feeding, animals and eggs present on the algae twigs were killed by heating to 400C for 4 d. Twigs were changed weekly.
Third generation animals originating from the 1988 sampling occasion were used for mortality analyses. Offspring hatched in the fourth week following the start of reproduction in the reference cultures was used to start subsequent generations, to avoid selection for low age at maturity. Mass cultures of the 1989 sampling were inspected weekly for the appearance of first generation laboratory (Fl) animals. Juveniles appeared within 2 weeks after capture in all cultures. Refreshment of twigs was carried out daily during the fourth week. Parents were separated from the eggs attached to the twigs using a sieve, and eggs were left for 7 d until hatching. After this procedure, daily cohorts of hatched juveniles of known mean age (max. 2 d) were available on subsequent days in the fifth week to start the experiment on growth and reproduction (see experiment design). Further details of site and population characteristics and mass culturing are given by Van Straalen et al. (1987) and Posthuma (1990) .
Mortality Experiment design
Third generation laboratory animals, about 7 d old and of unknown sex, were randomly taken from the mass cultures to start the experiment. Initially, 5 juveniles were put in each culture box, which consisted of a small Plexiglas ring (3 cm diameter) with a bottom of plaster of Paris (0.5 cm). A total number of 1800 animals, originating from 6 populations, distributed among 6 cadmium treatments (giving a total of 10 replicate boxes for each treatment), were used. The boxes were covered by a lid with a gauze opening. Boxes were placed at random on large discs of plaster of Paris to buffer moisture fluctuations. Food was offered ad libitum as a thick suspension of green algae (Pleurococcus spp.) on small paper discs, and replaced weekly. Animals were exposed to either reference food or to food contaminated with cadmium. Food suspensions were prepared according to Van Straalen et al. (1987) . Cadmium was added as a nitrate salt to the stock solutions, and nitrate concentrations were balanced between treatments with potassium nitrate. Stock solutions were prepared with a concentration increment of square root 10. Actual cadmium concentrations in the food were 0.028 (control, treatment A), 1.2, 4.0, 9.3, 32.8 or 120.8 Ftmol g-' dry wt (treatments B to F). Variation in the ratio of dry to fresh weights in the successive food preparations caused variations to a maximum of 13% in food cadmium concentration between preparations. Details of metal analyses are described in Posthuma (1990) .
Observations and calculations Every seventh day mortality was recorded in all boxes. Dead individuals were removed from the boxes. The experiment was stopped after 42 d.
Survival data were pooled for each treatment within weeks. Kooijman's mortality model (1981) was used to analyse the mortality patterns arising from these repeated observations. This model assumes that each individual (within a population) has the same (independent) mortality probability at a certain time, given a certain exposure regime, i.e. for each observation occasion there is a frequency distribution of actual mortality. Furthermore, a log-logistic survival curve (survival versus cadmium concentration) is assumed, which is determined by the LC50 and the slope parameter 'f'. The slope parameter is assumed to be constant for all observation occasions, but the LC50 will decrease with increasing duration of exposure. These considerations imply that the calculation of a No Observed Effect Concentration is not possible with this model. Throughout the experiment, a certain number of animals will die from causes other than cadmium exposure. This phenomenon is accounted for by the parameter 'natural mortality probability' (t, time'), which is assumed to be constant at all concentrations, including the control. The parameters were estimated simultaneously from all observations of a population with a maximum likelihood procedure. Estimates were thus obtained for the constants [t and f3, and for the LC50 for all observation occasions. The number of estimated parameters after six observations is thus eight for each population. A OIKOS 67:2 (1993) likelihood-ratio test (Cox and Hinkley 1974) was used to determine the presence of differences in mortality patterns between populations. The test statistic, under the null hypothesis that the populations are similar for all parameters, and the alternative hypothesis that at least one parameter has a deviating value in one or more populations, is x2 distributed; the degrees of freedom (df = 40) are calculated as the difference between the number of estimated parameters under the alternative (48) and the null hypothesis (8).
Growth and reproduction
Experiment design First generation laboratory juveniles obtained from the daily cohorts, younger than 2 d, were used to start the experiment. Juveniles of unknown sex were put in pairs in culture boxes. Pairs were offered either reference food or cadmium contaminated food. Actual cadmium concentrations in the food were 0.009 [tmol ge' dry wt (control, background concentration) or 2.385 [tmol g-' dry wt (cadmium treatment). The cadmium treatment was chosen so as to cause growth reduction in exposed animals (the No Observed Effect Concentration of cadmium for growth in reference animals is 0.042 rmol ge' dry wt [Van Straalen et al. 1989] ). Potassium nitrate was added to control food to achieve similar nitrate concentrations in both treatments.
Observations
All juveniles had empty guts at the start of the experiment. The small variation of starting age was neglected in further calculations, as populations were treated similarly, and as the variation was low compared to age dependent characteristics found later in the experiment. Therefore, reported values have not been corrected for this effect.
Initially, a total of 2016 juveniles was used, originating from six populations, and distributed in pairs among the treatment groups, resulting in groups of 84 replicate pairs for each treatment. To spread manipulations and observations each group was handled on subsequent days. Observations during the first 3 d revealed that juvenile survival was lower in the animals originating from the sites 4, 6 and 7 than in the other populations, as was also apparent from the mortality assay; therefore, starting on the fourth day after hatching, another 16 pairs were added for these populations. Only surviving pairs were used in the analyses.
Every second week, starting at the age of 2 weeks, fresh weights were determined for both individuals of a sub-sample of 21 pairs from each treatment group, using a Sartorius 4503 microbalance (accuracy: 1 [tg). This was the maximum feasible number for the present design. Weight data were ascribed to individuals according to the most probable trend of weight increase after finishing the observations: in male-female pairs, females were always heavier than males; pairs exhibiting an apparent discontinuity of weight increase were discarded from statistical analyses (n = 11). The presence of exuviae was recorded weekly for each pair and exuviae were removed from the box. The moulting frequency (number of moults pair-' week-') was calculated at the end of the experiment.
Starting at the age of 4 weeks, every Monday, Wednesday and Friday all pairs were checked for reproductive activity. Observations were made for presence of a clutch, clutch size (number of eggs), age at first reproduction (d), and male and female fresh weights at first reproduction (ftg). When eggs had apparently been laid one or two d before the observation, the age at first reproduction (in d) was extrapolated from the shape of the eggs. Stadia in egg development were recognized on a daily basis, fresh eggs are opaque and bowl shaped, second-day eggs are pink (cf. . Juveniles hatched from eggs on the sixth or seventh d after laying in climate room conditions. Observations of reproducing pairs were continued and the characteristics of subsequent clutches were recorded.
In the 12th week of rearing, the sex of each individual was determined as described by Posthuma (1990) . The numbers of male-female, male-male and female-fenmale pairs were calculated for each treatment group. The experiment was finished after 85 d of rearing in pairs.
Data analysis
Growth Von Bertalanffy's growth model, which describes the fresh weight as a function of time, was fitted to fresh weight data of each individual according to the least squares criterion (cf. Kooijman 1988):
where: W = fresh weight (mg), We = asymptotic weight (mg), W, = birth weight (mg), y = the Von Bertalauffy growth parameter (d-|), t = time (d after hatching), and t( = onset of Von Bertalanffy growth (d after hatching). Usually, weights are measured (including birth weight), to is zero, and the parameters W,. and y are estimated. Birth weight was not measured directly in 0. cincta, as juveniles are extremely vulnerable to handling. Curves for this species appeared to be mainly determined by the good fit of the model to data for growing animals, but juveniles did not immediately start growing. Both effects forced the additional estimate for birth weight to values below zero in the usual approach. Therefore, t, rather than birth weight was estimated as a model parameter, while birth weight was considered to be a known constant. The parameter to expresses a time-delay due to non-feeding animals after hatching. This is also indicated by the absence of gut contents, visible from the outside in young juveniles. Birth weight was estimated as 0.01 mg for all populations from data Time (weeks) given by Testerink (1982) . Parameter estimates (and their coefficients of variation) were obtained for each individual of the surviving pairs. Estimates were discarded if the coefficient of variation exceeded 50% for one of the variables, since these animals apparently stopped feeding during part of the culturing period, as judged from the presence of discontinuities in the pattern of weight increase. All other animals showed smooth S-shaped growth curves. The Von Bertalanffy growth parameters and weight data were analysed by three-way ANOVA, independent variables were population, treatment and sex. Moulting frequencies of the pairs were analysed by two-way ANOVA, independent variables were population and treatment. Transformations were executed when necessary to obtain normal distributions and homogeneous variances. Normality was tested using the method of Wilk and Shapiro (1968) , homogeneity of variances using Bartlett's test (Sokal and Rohlf 1969) . Calculations were carried out using the integrated SPSS programme implemented on a Cyber 170-750 computer.
Reproduction
Upon ending the experiment pairs were classified according to pair type. The collected data were tested with a contingency-table analysis (Sokal and Rohlf 1969) . The independence of the factors 'composition of pairs' (equal sex, or opposite sex), 'population' and 'treatment' was tested. A similar approach was used to analyse the independence of the proportions of reproductive and non-reproductive pairs. Data on clutch size, age at first reproduction and female weight at first re- Table 2 . Mortality characteristics of third generation laboratory Orchesella cincta from several sites (Table 1) . Data were fitted using Kooijman's model (1981) to estimate simultaneously the natural mortality probability (lest)' slope parameter of the log-logistic survival curve (X), and weekly LC50 estimates. The lethal concentrations for 5% and 50% of the individuals are given for 6 weeks of exposure, as illustration of mortality of sub-adults. Data were fitted to 6 weekly observations of mortality for 4 treatments (population 1, 3: control included) or for 3 Cd treatments (populations 4, 5, 6, 7: control omitted), since mortality in the control treatment was higher than in the lowest Cd treatment in the latter populations. The natural mortality probability controlro) of control treatments was calculated separately from the percentage survival after 6 weeks in the controls. s.d. = standard deviation.
Population
[est (Itcontrol) Cd algae (Anol/g dry wt)
production were analysed by two-way ANOVA, independent variables were population and treatment.
Results

Mortality
Cadmium exposure caused increased mortality in animals from population 1 and 3 in comparison to the control treatment (A). Mortality in the control (A) was, however, higher than mortality in cadmium treatment B, or approximately similar, for the populations 4, 5, 6 and 7 (Fig. 1) . The mortality patterns in the groups exposed to the highest cadmium concentrations (E and F) were similar compared to cadmium treatment D, probably due to a reduction of food intake or assimilation. Kooijman's model should be applied only to populations for which the natural mortality probability can be assumed to be constant for all treatments. In accordance with the lack of additional effects of treatments E and F compared to D, and the observed control mortality, the model was fitted through the observations of 4 concentrations (A-D) for the populations 1 and 3; for the other populations (4, 5, 6, 7) the model was fitted through the data from cadmium treatments (B-D) only. Parameter estimates are summarized in Table 2 , with examples from the dose-response relationships derived from it (the concentration which causes a mortality of 5%, LC5, and the median lethal concentration, LC50). Estimates were not influenced by incorporation of the control group (A) in the latter populations, except for the value of the natural mortality probability ( lest). Populations did not differ significantly for any of the estimated parameters (X2 = 55.027, df = 40, 0.05 <P <0.1). The sensitivity of the populations for cadmium exposure appeared to decrease only slightly, in the following order of populations: 4 -3 -6 -5 -7 -1. Paired comparisons showed slight differences between some populations. Differences were present only between population 4 and populations 1 (X2 = 18.20, df = 8, P < 0.05), 4 and 3 (X2= 23.61, P < 0.005) and 4
and 7 (X2 = 17.33, P < 0.05). Population 4 represents the population with the highest control mortality, whereas the others represent the opposite. As mortality appeared to be high in the controls of some populations (especially 4 and 6), the natural mortality probability was estimated separately from the observed mortality patterns in the controls (A), to obtain [ontrO,. The natural mortality probability during cadmium exposure (ltst) for populations 4, 5 and 6 was lower than the mortality actually observed in the control (lkontroi), for others it was similar (3, 7) or higher (1). We conclude that differences between populations are most obvious at low exposure concentrations. Estimated parameters were used to depict dose-effect relationships between survival probability and cadmium concentration in the food. Fig. 2 shows the curves for 6 weeks exposed, 7 week old animals; the natural mortality differences are not incorporated into these graphs. Differences in sensitivity to cadmium, again, appeared to be small. Incorporation of natural mortality patterns into the graphs will show net survival, which is lower than that given in Fig. 2 . The graphs will be more affected for some populations than for others, as indicated above. Growth and reproduction
Animals from site 6 showed high mortality throughout the experiment. This resulted in a low number of observations for this population (Table 3) . To avoid unbalanced data, which may affect the reliability of statistical tests, population 6 has not been incorporated in the statistical analyses pertaining to growth and reproduction.
Growth
A similar pattern of sigmoid weight increase is observed for both sexes, but the absolute weight increase of females is higher (Fig. 3 , compare Y-axes). The weight data showed a good fit to the theoretical growth model when to estimation was included. Parameter estimates are summarized in Table 4 . Significant main effects were observed for asymptotic weight (WO,), expressed as significant effects of sex (the lower weight of males) and treatment (a lower weight in cadmium treated groups) (Table 5) . Estimates for asymptotic weight were similar for all populations. This parameter, however, has been estimated from growth curves which only tended to show a decreasing weight gain, rather than from curves of animals which almost ceased growth. For Von Bertalanffy's growth rate (y), an interaction of population, sex and treatment was present, which indicates significant differences in response to cadmium, between populations as well as between sexes. Some populations showed an increased y upon exposure (1, males; 3, both sexes; 4 females), whereas most populations showed a slight decrease of y. The parameter to represents the time-delay before the start of growth following Von Bertalanffy's model. Inter-population differences between immediate posthatching juvenile growth patterns were present for to (Table 5) . Females, more clearly than males, from 'tolerant' populations tended to show a lower to and a higher fresh weight after 14 d. Furthermore, cadmium tended to cause an increase of t(,. These conclusions are in accordance with separate ANOVA's for the first and second fresh wt observations: weight differences between populations appear to be strongest for juveniles in the first weeks after hatching (Table 5 ). For body weight at 14 d, especially, the interaction between population and treatment indicates inter-population differences for response to cadmium. This interaction disappears with increasing age (decreasing F-values). Furthermore, the capability to maintain growth in the 'tolerant' populations lasts longer (Fig. 3 ): judged by a posteriori tests (separately for each weighing occasion, using Student-Newman-Keuls, a = 0.05) the adverse effects of cadmium treatment are significant at higher age in exposed 'tolerant' animals. In females from reference site 1 this effect is less evident, as the exposed group appeared to be significantly heavier than the control on the first weighing occasion, which is probably a sampling effect.
Moulting frequencies differed significantly between populations, but no effect of cadmium was observed (Table 5 ). The differences between populations were, however, very small (max. 0.09 exuviae week-' pair'). An overall mean of 0.9 exuviae was produced per week per individual. Apparently, a high juvenile body weight in some of the populations is accomplished without a major increase of moulting frequency.
Reproduction
Reproduction was observed in all subgroups (population and treatment) consisting of male-female pairs, and some pairs produced more than one clutch (Table 3) . The factors 'population' (5), 'treatment' (2) and 'pair type' (2) appeared to be jointly independent, and showed a slight interaction (Table 6 , left). As expected from experimental randomization, pair types were similarly distributed over treatments. We conclude that the sex-ratios of FI cultures were similar for all populations, males and females being present in equal proportions. Until the age of 85 d, the distribution of reproducing pairs (among male-female pairs) was independent with respect to the factors 'population' (5) and 'treatment' (2), as expected from experimental randomization (Table 6, right). The factors 'population' and 'reproduction' were dependent. The proportion of reproducing pairs among potentially reproducing pairs differed between populations, e.g. pairs from population 4 proportionally produced the lowest number of clutches. 'Reproduction' and 'treatment' were also dependent. The proportion of actually reproducing pairs was reduced in the cadmium exposed groups in comparison to the control treatment. The absence of interaction between factors indicates that the populations showed a similar reduction of the proportion of reproducing pairs in the cadmium treatment groups compared to the controls. We conclude that populations differed in proportions of reproducing pairs, and that reproductive success is reduced by exposure to cadmium. Age-class dependent clutch production data are summarized in Fig. 4 . The figure for population 4 will not be considered, as only a low number of clutches was produced. Comparison of distributions within population 7 (control versus cadmium) indicates that the major proportion of clutches was produced in the second age-class in the control, and in the third age-class in the cadmium treatment. In contrast, for population 1 the highest numbers of clutches were produced in the third and the fifth age-classes, respectively. Exposure affected the distribution of reproductive activity more for population 1 than for population 7. Exposure to cadmium least affected reproduction in population 5, the distribution of reproductive activity was similar in both groups, which indicates a small delay in clutch production. For control pairs the lowest age at first reproduction was 35 d for population 7, 40 d for population 5, and 43 d for populations 1 and 3. A two-way ANOVA for age at first reproduction showed main effects of population and treatment, but the interaction appeared to be not significant (Table 7 , Fig. 5 ). The absence of significant interaction is at variance with the conclusion drawn from the frequency distributions that cadmium differently affects reproduction; however, the presence of the main effect of populations indicates the strong difference between populations for age at first reproduction.
A two-way ANOVA for clutch size of the first clutch showed neither significant interaction nor main effects (Table 7 , Fig. 5 ). Clutch size (n) was highly variable in all subgroups (1 < n < 102). The factors 'population' and 'treatment' did not influence clutch size in a dominant way, or sample sizes were too small to detect divergence. Effects of female weight at reproduction on clutch size, expected from . could also not be shown (ANCOVA, effect of covariable female weight: P = 0.088). Female fresh weight at first reproduction showed an interaction between population and treatment (Table 7, Fig. 5) . Treatment with cadmium caused a decrease of female weight at reproduction in some populations (1, 3, 4) , and an increase in another (7). In the latter case, growth during exposure was maintained relatively well (Fig. 3, Posthuma 1990) , and age at reproduction was somewhat delayed: thus, increased weight at reproduction was to be expected.
Total fertility may, apart from clutch size, be influenced by hatching success, age at first reproduction and number of clutches. Hatching success (percentage of juveniles hatched from a clutch) was high (overall mean 97%), but it was relatively low in the control treated animals from site 4 (mean 83%). Realized fertility, expressed as number of offspring per female, based on all surviving male-female pairs including those not reproducing, appeared to be relatively high in populations 5 and 7, especially in the cadmium treated group (Fig. 5) . We conclude that fertility was determined mainly by age at first reproduction, which is associated with juvenile growth rate, rather than by increased clutch size per clutch. In laboratory conditions, early reproduction allows for the production of successive clutches. Finally, we conclude that reproduction in 0. cincta is maintained during exposure to levels of cadmium exceeding those at some contaminated areas by an order of magnitude (see Table 1 ).
Discussion
The present results demonstrated that life-history patterns differed between the reference population and populations of 0. cincta exposed to heavy metals. No 16* OIKOS 67:2 (1993) Table 5 . Three-way ANOVA's for Von Bertalanffy growth parameters and for individual body weight (In-transformed) of young juveniles, and two-way ANOVA for moulting frequency (determined for pairs) in first generation laboratory Orchesella cincta from several sites (Table 1) . Animals were exposed to control or cadmium contaminated food. differences were found for the effects of cadmium on mortality. The populations from the most polluted sites, 5 and 7 (and probably 6) showed an earlier start of body growth after hatching, a higher juvenile body weight in the first weeks after hatching, and a lower age at first reproduction than animals from less polluted sites. Differences are considered to be inherited, as they were found in laboratory cultured animals. Indications for a 'trade-off' of tolerance development for mortality rates were found. Within-species divergence of life-history patterns of field populations has been shown to result from evolutionary responses to biotic parameters, such as predation (Reznick 1989 , Reznick et al. 1990 , Rod and Reznick 1991 , and references therein), and abiotic parameters, such as metal pollution (Weis and Weis 1989 , Donker et al. 1992a , Tranvik et al. 1992 . Agents other than metal toxicity may also have contributed to the differences between life-history patterns in 0. cincta, since the abiotic environment of heavy-metal sites, especially those of surface ores, is often strikingly different from pristine habitats. Biotic habitat differences, related to metal pollution, have also been reported for vegetation characteristics (Ha'gvar and Abrahamsen 1990), predators (Williams et al. 1977 , Strojan 1978 and (fungal) food (Bengtsson et al. 1985b ). Habitat differences can also be independent of the presence of metals (e.g., geographic location, soil type, etc.). Thus, as Corp and Morgan (1991) have argued, individual populations may, or may not, evolve qualitatively and quantitatively different adaptations to their unique habitat. In the present case, however, there is strong evidence to indicate the role of metals in the divergence of life histories and tolerance. First, life-history patterns found here are grossly associated with cadmium concentrations at the field sites; lead may have contributed to (100% = total number of first clutches of a treatment group), for first generation laboratory Orchesella cincta from several sites ( 55-64 65-74 75-84 35-4445-54 55-64 65747584population 4 is based on a Period (days) low number of observations. this response due to its toxicity and the correlation between cadmium and lead concentrations at the capture sites. Second, similarly altered life-history patterns have also been observed in two collembolan species in a metal-gradient study (Tranvik et al. 1992) : gradient results imply that metals have been the factor of prime importance. Third, the early reproduction found here matches with expectations from life-history theory, 'balancing' the growth reducing effects of cadmium on individuals. Fourth, genetic variation is present for cadmium excretion efficiency, body growth and age at first reproduction (Posthuma et al. 1992b, Posthuma and Janssen unpubl.) . This evidence also indicates that the observed differences are a result of an evolutionary process rather than of individual acclimation. The role of metals in the evolution of exposed populations can be tested further by introduction experiments in contaminated habitats (cf. Reznick 1989) or by a laboratory selection experiment. Application of Kooijman's model to the mortality data allows the calculation of dose-response relationships. A cadmium concentration which causes a low mortality (for example 5% after 6 weeks of exposure, LC5) is 0.57-1.90 [imol gal dry wt (Table 2 ). This range is in accordance with literature data on the No Observed Effect Concentrations (NOEC) for mortality under chronic cadmium exposure (9 weeks), calculated from another approach, i.e. 0.5 [tmol g-' dry wt food (cf. Van Straalen et al. 1989 ). The 9 week-LC50 values for reference animals (1.6 [imol gel) are similar to the values found here (ibid.). Concentrations in food which cause a minor effect upon survival are high in comparison with soil, algae and body concentrations of metals at contaminated sites (Table 1 ). The pre-maturing cadmium-induced mortality in the most exposed population in field conditions is expected to be maximally 5%, given a diet consisting of 60% algae (Vegter 1983) . A significant increase of this number is not expected if the uptake of metal accumulating food constituents is changed in contaminated habitats, for instance through metal-accumulating fungal hyphae (e.g., Bengtsson et al. 1983) . We assess that the major influence on evolutionary divergence was direct selection for weight and reproduction parameters rather than selection by cadmium-induced mortality.
Mortality of the populations 4, 5, and 6 was higher at low concentrations than that of the reference population under laboratory conditions, both in the mortality assay (concentration A versus B), and the growth and reproduction assay. Preliminary observations of a mortality pattern for a second reference population (2 in Posthuma et al. 1992a ) matched the pattern observed for reference population 1. These observations may indicate a trade-off of tolerance development for longev- Table 6 . Three-way contingency-table tests of independence in first generation pairs of Orchesella cincta from several sites (Table  1) , for proportions of pair types (same sex versus male-female pairs, left), and for proportions of actually reproducing pairs (reproducing pairs versus the total number of male-female pairs, right) without data from population 6. Population Population ity, probably mediated by the faster increase of juvenile body weight of these animals. Sibly and Calow (1989) mentioned the central importance of this trade-off for stressed populations, and Ernsting et al. (1993) have demonstrated the presence of this trade-off in 0. cincta. The relatively high mortality in both the control and treated groups of tolerant populations may have resulted from a lack of nutrients in laboratory conditions., Tolerant animals maintain, for example, a higher body concentration of zinc (Posthuma et al. 1992a) , and may therefore have an additional need for zinc. The present data, however, do not allow for final conclusions bearing on the cause of the high control mortality of exposed populations.
Life-history characteristics in 0. cincta show different sensitivities for exposure to cadmium (Van Straalen et al. 1989) . The divergence of characteristics between populations can be evaluated in view of available data on No Observed Effect Concentrations (NOECs) for cadmium, the observed divergence of field populations and heritability estimates. Complete data are available for body growth and clutch size only. Body growth has a low NOEC (0.042 imol g-') and differs between populations. The heritability of the characteristic Relative Growth Rate (RGR, between 24 and 52 d of age) is 0.75 (Posthuma et al. 1992b) . Judged by total litter concentrations, and probably also by algal concentrations, the NOEC for this characteristic may have been exceeded Table 7 . Two-way ANOVA of age at reproduction (left), clutch size (middle) and female fresh wt at first reproduction (right) for male-female pairs in first generation laboratory Orchesella cincta from several sites ( at some sites. Clutch size, however, has a high NOEC (0.5 [mol g-'), and showed no differences, genetic variation for clutch size appears to be low or intermediate (Posthuma and Janssen unpubl.) . For the mortality pattern a high NOEC (0.5 Vmol ga') and a low divergence was found; however, heritable variation has not been determined, but may be present (cf. Klerks and Levinton 1989b) . Furthermore, age at first reproduction showed divergence, and a significant heritability was demonstrated (Posthuma and Janssen unpubl.) ; the NOEC for this characteristic has not been determined. These results suggest that evolutionary modification will occur first for life-history characteristics with a low NOEC value, given heritable variation for the characteristic prior to exposure. In view of the presence of a response for age at first reproduction, we infer that the NOEC for this characteristic may be low. This is in accordance with the observed NOEC of body growth, the characteristic which appeared to be associated with age at reproduction, which is also low. For metals other than cadmium the relationship between adaptation and toxicity is less clear, since NOEC data are lacking. Lead has a lower toxicity, but it induces toxic effects similar to those of cadmium (Joosse and Verhoef 1983) . Lead may have contributed to lifehistory adaptation in field populations, reinforcing the effects of cadmium, since concentrations of cadmium and lead are grossly correlated at the capture sites (Posthuma 1990) . Zinc, on the other hand, does not induce toxic effects at concentrations exceeding those present in the field (Posthuma 1990 ). The role of zinc in the process of adaptation to metal-pollution cannot be assessed from the present data. This also holds for other metals present at the polluted sites for which toxicity data are lacking (Table 1) . Decisive questions remain to be answered on the influence on adaptation of all metals present at polluted sites.
The divergence of body weights of young juveniles may have been influenced by genetic correlations with other characteristics. Previously, we found a positive genetic correlation between the Relative Growth Rate and a tolerance characteristic, cadmium excretion efficiency, EE (Posthuma et al. 1992b ). Since tolerance is expressed as an increased EE (Posthuma et al. 1992a ), a correlated response of body growth to selection for increased EE may have contributed to divergence of juvenile growth rate. Fast growth of metal tolerant populations has also been found in metal tolerant moss populations, and is explained by a similar positive genetic correlation (Shaw 1988) . In contrast, increased metal-tolerance plant is often associated with a reduced performance in control conditions (Wilson 1988 , and references therein).
Genetic variation for EE and RGR and the apparent selection on these characteristics allowed for a response to metal selection at a micro-evolutionary time-scale (order of magnitude: decades, see Falconer 1981) . We conclude that natural selection due to metal exposure has been sufficiently strong to have caused the observed pattern of responses at sites 5, (6) and 7, either through direct selection upon growth rate, or through a correlated response, or both. Judged by life-history adaptation, we characterize population 5 as more tolerant than the populations from reference site 1 and low-pollution sites 3 and 4.
The strong evidence for a reduced age at first reproduction in the tolerant populations implies increased juvenile body growth, given the more or less similar weight at first reproduction. Estimated model parameters did not conclusively demonstrate divergence of growth rates, but the observed trends indicated a major role of immediate post-hatching growth. Prolonged observations might have indicated effects of selection on ultimate weight and the Von Bertalanffy growth rate, which were simultaneously estimated and are mutually dependent. In that way, Ernsting et al. (1993) have indeed found higher estimates for ultimate weight for females. The divergence of age at reproduction appeared to be associated with weight increase of young juveniles. At the age of 3 (Janssen 1985 ) and 14 d (Table  5 ) weight differences may already exist between populations. Such a fast divergence may result from egg quality differences. Given the similarity of clutch size for all populations, increased juvenile weight in some populations may be accomplished by higher metabolic investment per egg, resulting in a higher available energy content for juveniles to start and maintain growth for several days. The presence of increased reproductive allocation in the adapted populations can, however, not be evaluated from the present data. Direct measurements may conclusively demonstrate divergence of egg energy contents. An increased reproductive success is most clearly expressed through the earlier maturation of tolerant animals, resulting in a higher fecundity per female.
Age at reproduction is a characteristic that is affected by a prenatal maternal effect, which is negative in sign (Janssen et al. 1988) . It causes the juvenile period of the female and her offspring to alternate between summer and winter generation, so that alternating generations that meet similar conditions have similar characteristics (Janssen et al. 1988 ). Age at first reproduction is therefore determined by genetics, environment, and phenotype of the female. The response to selection of characteristics influenced by a negative maternal effect has (to our knowledge) not been reported for natural populations under a selection regime. In the present case, however, differences found for age at first reproduction matched expectations from life-history theory, and the maternal effect may have been of minor importance for the direction of the response.
Life-history adaptation has also been shown in other animals. For soil animals, Tranvik et al. (1992) demonstrated that a metal-adapted population of the parthenogenetic springtail species Onychiurus armatus expresses a reduction of the juvenile period, an increased juvenile growth rate, and a higher reproductive rate than a reference population; the latter effect was also found in Isotoma notabilis. Reduction of the juvenile period was also observed in metal-tolerant isopods in laboratory conditions (Donker et al. 1992b) . Divergent phenologies of field populations have been reported for carabids (Read et al. 1987 ) and isopods (Donker et al. 1992a ), but in these cases toxic effects on individuals are superimposed upon possible evolutionary responses. A metal-exposed field population of Drosophila melanogaster showed a lower age at first reproduction than a reference population (Bajraktari et al. 1987 ). In the fish Fundulus heteroclitus, a metal-tolerant population showed increased juvenile growth and higher energy investment per gamete (Weis and Weis 1989) . It is probable that life-history adaptation is more widespread than is presently recognized for populations inhabiting metal-polluted sites. It is possible that populations at polluted sites that do not have genetic variation for life-history characteristics, or that have life-history characteristics with a low NOEC, or both, are most threatened by extinction.
0. cincta has responded to metal exposure not only through increased effectiveness of a tolerance characteristic (EE), but also through 'indirect adaptation' sensu Maltby (see Maltby 1991) .-Life-history characteristics have been changed in accordance with expectations from life-history theory: they have changed in such a way that the reproductive cycle of tolerant animals in a polluted habitat tends to resemble that of sensitive animals in a pristine habitat. This change may contribute to the persistence of this species in metal-polo luted sites, as it contributes to the maintenance of the bivoltine cycle (Van Straalen 1985) . Life-history characteristics are present in any species; since they may be sensitive to pollution, life-history theory may provide a frame-work for explanation of the presence or absence of species at contaminated sites.
